This study examines the potential uncertainty in survey biomass estimates of Spiny Dogfish Squalus acanthias in the Northeast U.S. Continental Shelf Large Marine Ecosystem (NES LME). Diel catch-per-unit-effort (CPUE) estimates are examined from the Northeast Fisheries Science Center bottom trawl surveys conducted during autumn (1963-2009) and spring (1968-2009). Influential environmental variables on survey catchability are identified for Spiny Dogfish life history stages and five pelagic prey species: Butterfish Peprilus triacanthus, Atlantic Herring Clupea harengus, shortfin squid Illex spp., longfin squid Doryteuthis spp., and Atlantic Mackerel Scomber scombrus. Daytime survey catchability was significantly higher than nighttime catchability for most species during autumn and for mature male Spiny Dogfish, shortfin squid, and longfin squid during spring in the NES LME. For most stages and species examined, breakpoint analyses identified significant increases in CPUE in the morning, peak CPUE during the day, and significant declines in CPUE in the late afternoon. Seasonal probabilities of daytime catch were largely driven by solar zenith angle for most species, with stronger trends identified during autumn. Unadjusted CPUE estimates appear to overestimate absolute abundance, with adjustments resulting in reductions in absolute abundance ranging from 41% for Spiny Dogfish to 91% for shortfin and longfin squids. These findings have important implications for Spiny Dogfish regarding estimates of population consumption of key pelagic prey species and their ecological footprint within the NES LME.
Intensive foreign and domestic fishing effort during the 1970s reduced commercially important groundfish stocks (e.g., Atlantic Cod Gadus morhua), causing a hypothesized biomass "outburst" of less valuable small elasmobranchs during the 1980s, such as Spiny Dogfish Squalus acanthias Frisk et al. 2008) . The National Marine Fisheries Service's Northeast Fisheries Science Center (NEFSC) bottom trawl surveys have collected Spiny Dogfish among other species from the Northeast U.S. Continental Shelf Large Marine Ecosystem (NES LME) since the 1960s. Highly variable survey catch and strong environmental associations of Spiny Dogfish have introduced uncertainty in the population trends derived from bottom trawl survey catches (Carlson et al. 2014; Sagarese et al. 2014a Sagarese et al. , 2014b . The utility of bottom trawl surveys in tracking Spiny Dogfish abundance has also been questioned by recent tagging studies that suggested a more pelagic existence than previously thought (Sulikowski et al. 2010; TRAC 2010; Carlson et al. 2014) . While Spiny Dogfish survey catches are accompanied by uncertainties regarding population dynamics, NEFSC bottom trawl survey catches reflect the best available science for Spiny Dogfish and, as a result, contribute essential relative abundance inputs for stock assessment (NEFSC 2006; Rago and Sosebee 2013) .
Ecologically, Spiny Dogfish have gained attention for their diverse feeding habits (Stehlik 2007 ) and potential predation on commercially important groundfish (Fogarty and Murawski 1998; Morgan and Sulikowski 2015) . Considered a key piscivore in the NES LME since the decline of Atlantic Cod , Spiny Dogfish are opportunistic omnivores (Link and Ford 2006; Stehlik 2007) and have very few natural predators (Bowman et al. 2000; Stehlik 2007) . In this species, piscivory increases with size as smaller individuals generally consume ctenophores, shrimps (order Decapoda), squids (order Teuthida), and small fishes (Garrison and Link 2000) , whereas larger individuals feed upon pelagic prey, including clupeids, squids, scombrids, and other teleosts (Grosslein et al. 1980; Link and Almeida 2000; Overholtz et al. 2000) . Spiny Dogfish distribution and abundance are tightly linked with prey distribution (Overholtz and Tyler 1985; Burgess 2002; Sagarese et al. 2014a ). The species has been implicated in the suppressed recovery of commercially important groundfish stocks (Tallack and Mandelman 2009) and removals from the ecosystem have been suggested to boost the recovery of depleted groundfish stocks by relaxing predation and competition (Murawski 1991; Fogarty and Murawski 1998) . However, examined 40,756 Spiny Dogfish stomachs from the NES LME and declared a weak effect of elasmobranch predation on groundfish, as groundfish occurred in less than 1% of the stomachs examined .
Quantifying predation that accurately reflects trophic dynamics is an essential step towards the application of multispecies models for ecosystem-based fisheries management (Tyrrell et al. 2011) . Estimating consumption can pose a major challenge in quantifying such dynamics as this process requires comprehensive diet information and absolute predator abundances (Hollowed et al. 2000; Overholtz et al. 2008) . Bottom trawl surveys conducted by the NEFSC have monitored long-term trends in the abundance of commercially important species since 1963 and have collected trophic interaction data since 1973 (Link and Almeida 2000; . Biases in the relative abundance estimates from the bottom trawl survey are assumed to be consistent from year to year when sampling is random with respect to the time of day and when relative stock size is robust to vertical migrations and therefore should not influence the utility of such estimates for monitoring population trends (Jacobson et al. 2015) . In contrast, absolute biomass estimates from bottom trawl surveys unadjusted for diel effects may not accurately reflect population dynamics. As a result, absolute abundance estimates may skew estimates of consumption and misrepresent the trophic footprint of a species if it undertakes diel movements (i.e., becomes less available to trawl surveys at a particular time of day). Some fish and invertebrate surveys restrict sampling to daytime hours to remove the potential influence of diel movements on abundance estimates (discussed in Benoît and Swain 2003) .
Survey-derived estimates of catch per unit effort (CPUE) are assumed proportional to both stock abundance and catchability (Godø et al. 1999; Salthaug and Aanes 2003; Ellis and Wang 2006) . Survey catchability is defined as the proportion of a group (i.e., species or size-class) caught by one unit of effort, often the area swept by the trawl (Francis et al. 2003; Fraser et al. 2007 ). Catchability consists of three components: (1) presence in the area at the time of the survey (i.e., horizontal availability), (2) proportion encountered by the trawl (i.e., vertical availability), and (3) proportion caught by the trawl (i.e., efficiency) (Godø 1994; Michalsen et al. 1996; Francis et al. 2003; Trenkel et al. 2004) . Stock assessment models often assume that survey catchability of a species remains constant both spatially and temporally; however, this situation rarely holds in nature (Godø et al. 1999; Trenkel et al. 2004; Gauthier and Rose 2005) . If a species varies its position in the water column, thereby altering its availability to bottom trawls, large biases in the catchability coefficient can skew absolute abundance estimates (Francis and Williams 1995; Hjellvik et al. 2002) .
Given the controversy surrounding Spiny Dogfish consumption of commercially important prey species Bangley and Rulifson 2014; Morgan and Sulikowski 2015) , reliable estimates of absolute abundance are paramount in quantifying the ecological impact of Spiny Dogfish on other resources. Within the NES LME, past consumption estimates for Spiny Dogfish utilized unadjusted area-swept numbers from the NEFSC bottom trawl survey (Overholtz et al. 2000) . Recognizing and adjusting for any biases (e.g., due to diel migrations) may remove unwanted variability surrounding catch indices (Petrakis et al. 2001 ) and enhance the UNCERTAINTY IN SURVEY BIOMASS ESTIMATES OF SPINY DOGFISH dependability of population-level estimates, the understanding of ecosystem processes, and the efficacy of management efforts. At present, no studies have addressed whether catchability of Spiny Dogfish by the NEFSC bottom trawl survey varies with time of day or with other environmental factors.
The objectives of this study were to (1) investigate how seasonal CPUE relates to time of day for Spiny Dogfish life history stages and key prey species, (2) test whether survey catchability changes with time of day and adjust CPUE where necessary, and (3) identify the influence of environmental and temporal factors on the probability of daytime survey catch. Understanding how Spiny Dogfish and their prey respond to diel and environmental factors will provide critical insight into ecological interactions, knowledge of which is required for ecosystem-based fisheries management in the NES LME.
METHODS
Data source.-Annual bottom trawl surveys have been conducted by the NEFSC during autumn and spring since 1963 and 1968, respectively. These surveys sampled the NES LME from Cape Hatteras, North Carolina, north to Georges Bank and the Gulf of Maine (Figure 1 ) using a stratified random survey design. The autumn survey has been conducted in offshore areas since 1963 with inshore strata added in 1972. The spring survey has sampled offshore areas since 1968 with inshore strata added in 1973. Survey strata comprised about 220,000 km 2 . The number of stations sampled per stratum was proportional to its area, although inshore strata were sampled at approximately three times the sampling rate of offshore strata. Approximately 300-400 stations were visited during autumn ; mean ± SE = 344 ± 13 stations; range = 183-644 stations) and spring (1968-2009; 346 ± 8 stations; range = 263-491 stations) . Tow-specific data were analyzed after removing bad tows and excluding a small number of tows that did not have corresponding environmental measurements (i.e., bottom temperature). Standard tows are 30 min in duration at a towing speed of approximately 6.5 km/h. Detailed descriptions of the survey design and changes in survey protocols over time can be found in Despres-Patanjo et al. (1988) and Sosebee and Cadrin (2006) .
Correction factors based on field experiments were applied for changes in vessels, gears, and doors when necessary to calibrate abundance estimates and are detailed elsewhere (Sissenwine and Bowman 1978; NEFSC 1991) . The introduction of the National Oceanic and Atmospheric Administration (NOAA) ship Henry B. Bigelow in 2009 brought about changes to the trawling gear and survey protocol that are discussed in Brown et al. (2007) . To ensure comparability of abundance estimates between vessels, a calibration study compared the catchability of the old vessel, the NOAA ship Albatross IV, with the new vessel and derived conversion factors (Miller et al. 2010) .
Relative abundance data.-Indices of abundance were calculated from the spring and autumn NEFSC bottom trawl survey haul data for Spiny Dogfish and five key prey species: Butterfish Peprilus triacanthus, Atlantic Herring Clupea harengus, shortfin squid Illex spp., longfin squid Doryteuthis spp., and Atlantic Mackerel Scomber scombrus. These prey species were selected based on their importance in Spiny Dogfish diet according to the National Marine Fisheries Service's Food Webs Dynamic Program food habits database (Link and Almeida 2000) . For both seasons, Spiny Dogfish indices were reported for five stages: aggregated male and female neonates (TL ≤ 26 cm), immature males (26 cm < TL < 60 cm), immature females (26 cm < TL < 80 cm), mature males (TL ≥ 60 cm), and mature females (TL ≥ 80 cm). For each species or stage, survey CPUE was defined as the number of individuals caught per tow and was assumed an appropriate index for abundance. Based on the standard tow duration and area swept by the trawl (0.034 km 2 ; NEFSC 2006), tow length was assumed to be constant. Prior to 1980, Spiny Dogfish were not sexed during the survey, and therefore stage analyses are restricted to the years 1980 through 2009. Spatial CPUE trends were examined to provide insight into the potential interactions between Spiny Dogfish and pelagic prey species using ArcGIS 10.2 (ESRI, Redlands, California). Due to the size of the NEFSC bottom trawl dataset and space constraints, only CPUE estimates equivalent to or exceeding the 95th percentile of CPUE (i.e., aggregations) were graphically displayed for each season.
Diel trends in CPUE.-Hourly CPUE was analyzed for each Spiny Dogfish stage and prey species to elucidate temporal trends over a diel time scale. Segmented regression and a breakpoint analysis on the hourly intervals (0000-0100 hours,. . ., 2200-2300 hours) revealed CPUE trends dependent upon the time of day and identified specific times when important shifts in CPUE occurred. A series of linear regressions was fitted between breakpoints parsimoniously to maximize the overall fit of the segmented regression while penalizing the number of breakpoints in the series using the Bayesian information criterion (Schwarz 1978; Frisk et al. 2011) . The breakpoint(s) were considered the point or points that separated two significant linear regressions as derived from the data. All statistical analyses were conducted in R software version 2.14.0 (R Foundation for Statistical Computing, Vienna).
Day and night survey catchability.-Data were organized for survey catchability analyses so that each data row reflected an observation of CPUE ys for each year y and strata s combination (e.g., row-1 CPUE = CPUE in year 1963 and strata 1020, and so on) and not an individual tow. Offshore and inshore strata are defined by depth and latitude and depicted in Figures 1 and 2 of NEFSC (2006) . The number of daytime (T D ) and nighttime tows (T N ), the proportion of catch caught during the day (C ysd /C ys ), and the mean environmental values for depth (m), bottom temperature 246 FIGURE 1. Locations of Spiny Dogfish and pelagic prey species aggregations during spring (gray circles) and autumn (black circles) in the Northeast U.S. Continental Shelf Large Marine Ecosystem (NES LME) between 1963 and 2009. The four regions are defined as follows: Gulf of Maine (GM), Georges Bank (GB), southern New England (SNE), and the Middle Atlantic Bight (MA). The black lines reflect the boundaries between each region. The gray shading indicates land masses. Aggregations were defined as CPUE estimates equal to or greater than the 95% percentile of the CPUE probability distribution each season. Note that only the largest CPUE estimates (i.e., aggregations) are displayed due to space constraints.
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FIGURE 2. Breakpoint analysis of diel CPUE for Spiny Dogfish stages and pelagic prey species caught in the NES LME during spring and autumn between 1963 and 2009. The dots reflect the mean hourly CPUE by time of day across all years, the solid black lines reflect fitted segmented regression lines, and the dashed gray lines indicate significant breakpoints. Note that the scales differ among y-axes.
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(°C), Julian day (d), and solar zenith angle (degrees) were reported for each observation. Analyses were conducted on all data combined (i.e., NES LME) and separately for four main regions within the survey domain: Georges Bank, the Gulf of Maine, southern New England, and the Middle Atlantic Bight (Figure 1 ).
For each Spiny Dogfish stage and prey species, the proportions of daytime survey catches were analyzed using generalized linear models (GLMs; McCullagh and Nelder 1989) to determine whether or not a different proportion was caught during the day and night (Casey and Myers 1998) . Generalized linear modeling is an extension of linear modeling in which the response variable is portrayed in relation to the explanatory variables through a specified link function, where data are not forced into unnatural scales and where nonnormal data are not problematic (Hastie and Tibshirani 1990; Guisan et al. 2002) . All GLMs were fit in R using a logit function to link the response with the predictor and a quasibinomial error distribution, which added an overdispersion parameter to the variance of the response (Zuur et al. 2009 ).
The logistic method of Casey and Myers (1998) , later used by Benoît and Swain (2003) , was employed to estimate the relative diel survey catchability (S D ) prior to the inclusion of environmental factors with the following equation:
where an offset accounts for the relative number of T D and T N (McCullagh and Nelder 1989; Casey and Myers 1998; Benoît and Swain 2003) . The intercept represents daytime survey catchability and was estimated within the GLM. An estimate for log(S D ) of 0 reflected no difference between day and night survey catchability, whereas a significant (P < 0.05) positive estimate represented higher daytime survey catchability. The reliability of significance tests and standard errors for estimated parameters was assessed using a randomization test with 1,000 replications (Manly 1991) . Adjusting CPUE for variable survey catchability.-When significant day-night effects were observed for Spiny Dogfish stages or prey species during each season, the unadjusted observed CPUE for each year i (CPUE i ) was converted to daytime equivalents using the estimated conversion factor, S D , as follows:
under the assumption that the diel survey catchability estimated by the GLM approximated mean conditions. Changes in absolute abundance between CPUE i and CPUE adj,i are reported as a percent to determine the relative change in abundance after adjusting for diel variations in survey catchability.
Environmental and temporal influences on survey catchability.-The influences of depth, bottom temperature (BT), Julian day (Julian), and solar zenith angle (Zenith) on the probability of daytime catch were assessed using generalized additive models (GAMs; Hastie and Tibshirani 1990; Wood 2006 ) with the following equation:
where s() represents a smooth function and the remaining variables are as defined previously. For this analysis, GAMs were employed because the smoothing function can handle complex nonlinear relationships and uncover hidden structure between variables missed by traditional linear methods (Hastie and Tibshirani 1990; Guisan et al. 2002; Wintle et al. 2005) . All GAMs were fit in version 1.8-4 of the mgcv package (Wood 2014) in R using a logit link function and a quasibinomial error distribution, which added an overdispersion parameter to the variance of the response (Zuur et al. 2009 ). Cubic regression splines were implemented with a maximum of five degrees of freedom (number of knots = 5). The number of knots was chosen based on expectations within explanatory variables and recommendations in the literature (Keele 2008; Zuur et al. 2009 ). In addition, each model formula included a "gamma = 1.4" to place a heavier penalty on each degree of freedom to counteract overfitting (Zuur et al. 2009; Wood 2014) . Variance inflation factors calculated for each explanatory variable were used to assess multicollinearity, with values below 3.0 deemed acceptable (Zuur et al. 2009 ). The percent of total deviance explained by each explanatory variable within the GAM was calculated with the following equations:
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where the smoothing parameters of each reduced model (e.g., model excluding Depth) were equivalent to those estimated within the full model to maintain consistency among model parameters. The best models given the data were selected using stepwise backward selection (Harrell 2001; Wintle et al. 2005) and possessed the lowest generalized cross-validation score (Wood 2014) . The implementation of a quasibinomial distribution prevented the calculation of Akaike or Bayesian information criterion scores to aid in model selection (Crawley 2007) . Models were validated using data sets internal to their development by comparing observed and predicted values of the probability of daytime catch using 1,000 bootstrapped data sets resampled with replacement (Grüss et al. 2014 ). Spearman's correlation coefficients (r sp ) between the probability of daytime catch predicted by the GAM and the observed probability of daytime catch in the bottom trawl survey data set were estimated and tested for significance (i.e., ≠ 0) (Vaz et al. 2006; Loots et al. 2010; Grüss et al. 2014) . Model performance was also assessed by examining residual plots for strong trends and by visually inspecting response curves for ecological realism (Wintle et al. 2005; Heinänen et al. 2008) .
RESULTS
Relative Abundance Data
For Spiny Dogfish, aggregations were generally encountered offshore along the edge of the continental shelf from Cape Hatteras to Georges Bank during spring and on Georges Bank and in the western Gulf of Maine during autumn (Figure 1) . The spatial extent of prey aggregations varied greatly between species and seasons. During spring, Butterfish, shortfin squid, and longfin squid primarily aggregated at the edge of the continental shelf in the Middle Atlantic Bight and southern New England (Figure 1) . Aggregations of Atlantic Herring and Atlantic Mackerel were spread throughout the Middle Atlantic Bight and southern New England (Figure 1 ). Autumn trends were less consistent among prey species, with Butterfish aggregations identified both inshore and at the edge of the continental shelf in the Middle Atlantic Bight and southern New England (Figure 1) . Atlantic Herring and, to a lesser extent, Atlantic Mackerel generally aggregated in the western and southern Gulf of Maine, whereas shortfin squid aggregated along the edge of the continental shelf throughout the region (Figure 1 ). Longfin squid were concentrated throughout the Middle Atlantic Bight and southern New England (Figure 1 ).
Diel Trends in CPUE
Spiny Dogfish stages exhibited highly variable diel CPUE during each season (Figure 2 ). Shifts in CPUE were evident for each Spiny Dogfish stage by the presence of at least one significant breakpoint, with an increasing trend occurring before 0900 hours during spring (Figure 2 ). Catch per unit effort peaked for both mature Spiny Dogfish (both sexes) and immature females around 0500 hours during spring, while the highest catches of neonates and immature males occurred around 1100 and 1500 hours, respectively (Figure 2 ). During autumn, CPUE of neonate and immature and mature male Spiny Dogfish peaked between 1000 and 1500 hours (Figure 2 ). Contrary to spring, no significant shifts in CPUE were detected for mature females due to consistently low CPUE (Figure 2) .
Trends in CPUE for most prey species were relatively similar between seasons, with increasing trends in the morning, relatively high CPUE throughout the day (0500−1700 hours), and declining trends in the late afternoon (Figure 2 ). Exceptions were noted for Butterfish for which CPUE remained relatively low during spring (Figure 2 ). Atlantic Herring and Atlantic Mackerel CPUE increased to peak levels around 1500 hours and then declined sharply, whereas CPUE for the remaining prey species was generally dome shaped ( Figure 2 ).
Day and Night Survey Catchability
Significantly higher daytime catchabilities were observed within the NES LME for all Spiny Dogfish combined, mature males, shortfin squid, longfin squid during spring, and most Spiny Dogfish stages and prey species during autumn (P < 0.05; Table 1 ). Regionally, trends for Spiny Dogfish stages were rarely significant during spring, with the exception of in the Middle Atlantic Bight (Table 1) . Significantly higher daytime catchabilities were occasionally found for some prey species on Georges Bank, in southern New England, and in the Middle Atlantic Bight (P < 0.05; Table 1 ). Within the Gulf of Maine, regional daytime catchabilities were significantly higher for all Spiny Dogfish stages combined and mature males during autumn (P < 0.05). Significantly higher daytime catchabilities were estimated in all five regions for Butterfish, shortfin squid, and longfin squid. Although higher nighttime survey catchability was occasionally estimated, these trends were not significant (Table 1) .
For some Spiny Dogfish stages and most prey species both regionally and seasonally, the probability of daytime capture deviated significantly from 50%, suggesting a significant difference between the proportions caught during the day and during the night (P < 0.05; Figure 3 ). Estimated probabilities of daytime capture ranged from 63% to 93% during spring and from 63% to 96% during autumn. The probability of daytime capture was significantly higher for all Spiny Dogfish combined and mature male Spiny Dogfish in the NES LME and Middle Atlantic Bight during spring, and also for immature female Spiny Dogfish in the Middle Atlantic Bight (Figure 3) . During autumn, probabilities of daytime capture were relatively high for most Spiny Dogfish stages over the entire 250 TABLE 1. Seasonal and regional estimates with standard errors (Est ± SE) of diel survey catchability for Spiny Dogfish and prey species in the Northeast U.S. Continental Shelf Large Marine Ecosystem (NES LME) between 1963 and 2009. Positive estimates indicate higher daytime catchabilities. The P-values were estimated from the randomization test that assessed the reliability of confidence limits and significance tests for the day-night effect; n = number of data observations. Stages and species excluded from the table did not exhibit significant trends.
Species and stage
Gulf of Maine Georges Bank Southern New England
Middle Atlantic Bight NES LME n Est ± SE P n Est ± SE P n Est ± SE survey area but less so on a regional basis (Figure 3 ). The probability of daytime capture of prey species was frequently high across regions during both spring and autumn (Figure 3 ).
Adjusting CPUE for Higher Daytime Survey Catchability
Adjustments accounting for differences in day-night survey catchability resulted in lower absolute abundance for all Spiny Dogfish stages or species for which a significant day-night effect was detected, indicating that unadjusted CPUE estimates are overestimating absolute abundance (Figure 4 ). During spring, CPUE adjustments for day-night effects resulted in reductions in absolute CPUE for all Spiny Dogfish (41% reduction), mature male Spiny Dogfish (50% reduction), shortfin squid (91% reduction), and longfin squid (69% reduction). With the exceptions of neonate and mature female Spiny Dogfish, adjustments in CPUE were required for all Spiny Dogfish stages during autumn, with reductions in absolute CPUE ranging from 42% for all Spiny Dogfish and immature female Spiny Dogfish to 51% for immature male Spiny Dogfish (Figure 4) . Catch-per-unit-effort values for all prey species were adjusted for day-night effects and resulted in reductions in absolute CPUE ranging from 61% for Atlantic Herring to 93% for Atlantic Mackerel (Figure 4 ).
Environmental and Temporal Influences on Survey Catchability
General modeling results.-This analysis focused on all Spiny Dogfish combined because of the lack of significant differences in diel survey catchability for many Spiny Dogfish stages. The percent of total deviance explained by the best GAMs ranged from 10.7% for Spiny Dogfish during spring to 52.9% for Atlantic Mackerel during autumn (Table 2 ). For all species examined, with the exception of Butterfish, a greater amount of deviance was explained during autumn than in spring.
Overall, the majority of GAMs revealed adequate agreement between the predicted and observed probabilities of daytime catch (Table 3 ) and residuals lacking both autocorrelation and strong trends. Poor correlations (r sp < 0.2) were noted for Butterfish, shortfin squid, and Atlantic Mackerel GAMs during spring, and an r sp = −0.05 was not significantly different from zero for shortfin squid (Table 3) . Although most prey species revealed moderate correlations during autumn, the Atlantic Mackerel GAM resulted in an r sp = -0.38, which indicates a negative relationship between predicted and observed probabilities of daytime catch, an undesirable outcome. As a result, care must be taken when interpreting GAM results that exhibited poor model validation.
Environmental and temporal trends.-During both seasons, the probabilities of daytime catch for Spiny Dogfish and prey species were frequently influenced by environmental and temporal factors, with the solar zenith angle identified as the most influential variable for all species and seasons (Table 2) . Zenith explained at least 10% of the total deviance in almost all GAMs and ranged from 8.1% for Atlantic Mackerel during spring to 25.3% for Butterfish during spring (Table 2) . For all species-seasons combinations, higher probabilities of daytime catch in the NES LME occurred at lower zenith angles during spring ( Figure 5 ) and autumn ( Figure 6 ).
Significant nonlinear relationships with environmental variables were frequently observed in GAMs during both autumn and spring in the NES LME. However, the percent of total deviance explained for each variable was generally below 5% (Table 2 ). The percent of total deviance explained by depth ranged from 0.2% for longfin squid during autumn to 6.4% for longfin squid during spring (Table 2) . During spring, daytime catches were more likely to occur in shallow depths (< 75 m) for most prey species ( Figure 5 ). During autumn, probabilities of daytime catch in the NES LME were higher at shallow depths (< 75 m) for Atlantic Herring and Atlantic Mackerel and at deeper depths for Spiny Dogfish, Butterfish, shortfin squid, and longfin squid (Figure 6 ). For bottom temperature, the percent of total deviance explained ranged from 0.2% for Spiny Dogfish during spring to 12.0% for Atlantic Mackerel during spring (Table 2 ). Higher FIGURE 3. Regional probabilities of daytime capture for Spiny Dogfish stages and pelagic prey species in the NES LME during spring and autumn between 1963 and 2009. The shaded boxes reflect the results from significant GLMs (i.e., daytime probability of catch ≠ 50%). The white boxes reflect no significant difference in regional probabilities. Regions and their abbreviations are defined in Figure 1 . 252 probabilities of daytime catch generally occurred at cooler temperatures (< 6°C) during spring for all species ( Figure 5 ). During autumn, daytime catches were more likely to occur below 10°C for most species and above 10°C for Atlantic Herring (Figure 6 ).
Significant nonlinear relationships with Julian day were also frequently observed in GAMs during both autumn and spring in the NES LME but explained minimal total deviance ( Table 2 ). The percent of total deviance explained by Julian FIGURE 4. Plots of unadjusted (solid lines) and adjusted (dotted lines) CPUE for Spiny Dogfish stages and pelagic prey species in the NES LME when correction was warranted during autumn (1963-2009) and spring (1968-2009) . The percentages shown reflect the average reductions in absolute abundance after accounting for the day-night effects on survey catchability. Note that the y-axes differ between panels.
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253 day on the probability of daytime catch ranged from 0.5% for Spiny Dogfish during spring to 6.4% for shortfin squid during spring (Table 2 ). During spring, higher probabilities of daytime catch occurred earlier in the season for Spiny Dogfish and shortfin squid and towards the end of the season for the remaining species ( Figure 5 ). During autumn, daytime catch was more likely to occur early in the season for longfin squid and Atlantic Mackerel and midseason for the remaining species (Figure 6 ).
DISCUSSION
Here we provide the first estimates of the influence of diel and environmental factors on seasonal CPUE and survey catchability during the NEFSC bottom trawl survey for Spiny Dogfish, Butterfish, and Atlantic Mackerel in the NES LME. Survey catchability estimates revealed higher daytime values for most Spiny Dogfish stages and prey species, highlighting the potential for bias in stage-specific or species-specific absolute abundance estimates. After accounting for day-night effects, reductions in absolute abundance ranged from 40.5% for Spiny Dogfish during spring to 93% for Atlantic Mackerel during autumn, suggesting that unadjusted CPUE was overestimating absolute abundances in the survey region. Higher probabilities of daytime catch corresponded to lower solar zenith angles, suggesting that bottom trawl catches were more likely during the day. Breakpoint analyses also supported higher catch rates during the day for most species and revealed significant increases in the early morning and decreases in the late afternoon. Although biases in day-night catchability should not impact relative abundance estimates used in stock assessments as discussed in the introduction, these TABLE 2. Generalized additive model results for the probability of daytime catches for Spiny Dogfish and prey species in the NES LME between 1963 and 2009 during spring and autumn. Abbreviations are as follows: n = the number of data observations, r 2 = the coefficient of determination, Dev = the percent of total deviance explained, Int ± SE = the intercept reflecting the day-night survey catchability estimate with SE (a positive estimate indicates higher daytime survey catchability), and EDF = the estimated degrees of freedom of the smoothing parameter for each respective explanatory variable. Significance (indicated with an asterisk) is based on an a priori α = 0.05. A blank cell indicates that the variable was not included in the best model. . Partial GAM plots identifying the additive effect of each variable on the probability of daytime catch for Spiny Dogfish and pelagic prey species in the NES LME during spring between 1968 and 2009. The y-axis represents the degree of smoothing (and thus the probability of daytime catch), with its range indicative of the relative importance of each covariate. The x-axis reflects the relative density of data points as shown by the "rug." Some smoothes have been graphically abbreviated due to a lack of data at the endpoints. The dashed lines reflect the 95% confidence intervals around the response curves. An empty box indicates the absence of that term in the final model.
results have immediate utility in quantifying absolute biomass and population consumption rates required for ecosystem-based fisheries management. Changing survey catchability can have important implications for ecosystem modeling because bottom trawl estimates of abundance serve as direct model inputs (e.g., biomass) and assist in the estimation of consumption parameters that quantify predator-prey linkages. Adjusting CPUE estimates can help elucidate the role of Spiny Dogfish in the ecosystem, a research question that has already received considerable attention (Overholtz et al. 2000; Bangley and Rulifson 2014; Morgan and Sulikowski 2015) . Our results suggest that the NEFSC bottom trawl survey is overestimating the absolute abundance of Spiny Dogfish during both autumn and spring, possibly due to feeding, aggregating, or herding on the bottom, which could result in higher daytime survey catchability. Higher daytime survey catchability led to a 40% reduction in Spiny Dogfish abundance after converting all CPUE to daytime equivalents during both spring and autumn. Between 1977 and 1997, Spiny Dogfish were estimated to have consumed approximately 619,000 metric tons of prey species (Sand Lance Ammodytes sp. and the five prey species presented herein) (Overholtz et al. 2000) . Although survey catchability was adjusted for the other predators examined, the area-swept numbers of Spiny Dogfish were not adjusted (Overholtz et al. 2000) . Given the strong bias in CPUE of Spiny Dogfish, this consumption estimate likely overestimated their predatory impact in relation to fishery catches.
The suggestion that the NEFSC bottom trawl survey is overestimating absolute abundance based on our findings contradicts recent tagging study results for Spiny Dogfish that suggest that the survey is missing a substantial portion of the population (Sulikowski et al. 2010; Carlson et al. 2014) . Our analysis assumed that lower nighttime catchability was reflective of Spiny Dogfish occupying more pelagic habitat rather than moving to depths outside the survey strata. The proportion of daytime catch, assumed a proxy for availability to the bottom trawl survey, was significantly related to solar zenith for Spiny Dogfish during both seasons. Preliminary tagging results along the U.S. East Coast suggest that Spiny Dogfish are more mobile both vertically and horizontally than previously thought and exhibit distinct diel patterns (Sulikowski et al. 2010; Carlson et al. 2014 ). However, it remains unclear how Spiny Dogfish are distributed beyond the depth range of the NEFSC trawl survey (NEFSC 2006) . In 1999, a coastal field survey potentially identified a small contingent of Spiny Dogfish in waters south of Cape Hatteras (Rulifson and Moore 2009), suggesting that the survey may be missing a portion of the Spiny Dogfish population.
This study highlights the importance of estimating abundance as a precursor to ecosystem-based fisheries management (Godø and Walsh 1992; Hjellvik et al. 2002) . Estimates of CPUE that account for known environmental or diel effects on survey catchability can better represent relative abundance trends in stock assessment models and absolute abundance trends for the more accurate consumption estimates required for ecosystem-based fisheries management. Given the enormous investment behind the NEFSC bottom trawl survey, any potential techniques capable of reducing bias in abundance estimation should be identified and applied. As suggested by Jacobson et al. (2015) for longfin squid, solar zenith angles could be used as priors on selectivity of the NEFSC bottom trawl survey in stock assessment models, which would allow changes in availability to the survey based on the time of day. Further, CPUE on a tow-by-tow basis could be standardized using the environmental variables identified as important drivers of Spiny Dogfish distribution, such as the solar zenith angle (Sagarese et al. 2014a) , which also heavily influenced the probability of daytime catch by year and strata. Given the uncertainty regarding the availability of Spiny Dogfish to the NEFSC bottom trawl survey and recent tagging evidence that Spiny Dogfish do travel beyond the continental shelf based on satellite tags (Carlson et al. 2014 ), a specialized survey and/or additional tagging studies could provide insight into the distribution of Spiny Dogfish outside the NEFSC bottom trawl survey domain.
Various mechanisms linked to diel variations in survey catchability may partly explain the trends observed for Spiny Dogfish and their pelagic prey species. Although visual avoidance is commonly cited, this seems highly unlikely for any of the species examined since more individuals were captured during daylight when visibility is expected to be higher (Glass and Wardle 1989; Casey and Myers 1998; Petrakis et al. 2001) . The observed change in the vertical availability of each species examined in the trawl survey strongly supports vertical migrations (Engås et al. 1988; Walsh 1992; Aglen et al. 1997; Aglen et al. 1999; Korsbrekke and Nakken 1999) , which are well documented for both groundfish (e.g., Atlantic Cod) and pelagic species (e.g., Atlantic redfish Sebastes spp.) and generally balance predation risk with food availability (Michalsen et al. 1996; Aglen et al. 1999; Hjellvik et al. 2001; Gauthier and Rose 2005) . Compared to temperature, depth, and Julian day, solar zenith angles explained the majority of the deviance explained regarding the probability of daytime catch for both squid species and Spiny Dogfish, particularly during autumn. Herding has been suggested to occur in both the northwestern Atlantic Ocean for Spiny Dogfish (NEFSC 2006) and in Puget Sound for Pacific Spiny Dogfish Squalus suckleyi (Palsson 2009) , with its effect enhanced during the daylight when the sediment cloud is visible (Wardle 1993; Francis and Williams 1995; Michalsen et al. 1996; Fraser et al. 2007 ).
The majority of research addressing diel catchability has focused on commercially important species, such as Atlantic Cod (Rose 2004 (Michalsen et al. 1996; Casey and Myers 1998; Aglen et al. 1999; Korsbrekke and Nakken 1999; Petrakis et al. 2001 ) although regional differences were observed (e.g., subdivision 3P, Casey and Myers 1998). Length-dependent variations were often more pronounced for smaller Atlantic Cod (Michalsen et al. 1996; Aglen et al. 1999; Korsbrekke and Nakken 1999) . Regional differences identified in survey catchability for mature male Spiny Dogfish and immature females in the Middle Atlantic Bight during spring and mature male Spiny Dogfish in the Gulf of Maine during autumn could relate to sex-and stage-specific movements related to environmental conditions or prey abundance (Sagarese et al. 2014a (Sagarese et al. , 2014b . Our results for prey species agreed with previous findings in the northwestern Atlantic Ocean for longfin inshore squid Doryteuthis pealeii and northern shortfin squid Illex illecebrosus during autumn (Brodziak and Hendrickson 1999) and in Canadian waters for Atlantic Herring, Butterfish, Atlantic Mackerel, and northern shortfin squid (Casey and Myers 1998; Benoît and Swain 2003) .
Trends in diel CPUE and spatial distribution were simultaneously investigated for the key prey species to enhance understanding of their availability and to facilitate hypothesized linkages between the dynamics of Spiny Dogfish and their prey. Spiny Dogfish commonly adapt their feeding habits to exploit abundant prey (Overholtz et al. 2000; Moustahfid et al. 2010) . During spring, relatively higher CPUE occurred between early morning (i.e., 0500 hours) and midafternoon (i.e., 1500 hours) for most Spiny Dogfish stages, shortfin squid, and longfin squid, implying greater numbers associated with the seafloor and increased potential for direct predation. Squid represent a major dietary component for Spiny Dogfish in all regions except the Middle Atlantic Bight (Bowman et al. 2000; Stehlik 2007 ). The observed overlap in vertical distribution may also be related to feeding similarity as both shortfin squid and Spiny Dogfish (10-60 cm) share a cephalopod-and fishdominated diet (Garrison and Link 2000) . These inferred vertical migrations may also be independent of feeding habits and, instead, cued internally by an endogenous rhythm (Fréon et al. 1993) . Regardless of the mechanism, significant shifts in CPUE identified by the breakpoint analysis, specifically increased CPUE during the morning and decreased CPUE during the late afternoon, provide further evidence of higher catches during daytime hours for all species examined. Such shifts in CPUE could result from changes in fish behavior either directly due to vertical migrations or indirectly via prey or predator availability.
In reality, catchability is a complicated function of many factors and hence has earned a "nuisance" reputation (Francis et al. 2003) . Additional variables, such as current speed or direction (Michalsen et al. 1996) and bottom topography (Casey and Myers 1998) , may further contribute to the survey catchability of Spiny Dogfish and their prey species. In addition, the highly aggregated behavior of Spiny Dogfish warrants further research on the factors driving this behavior and the effects of density dependence on research survey catchability. Research on size-dependent escapement may prove fruitful for Spiny Dogfish, particularly for neonates because survey-derived abundance for this stage is used as a proxy for recruitment (NEFSC 2006) . Midwater trawl or hydroacoustic surveys may also provide insight into the movements of Spiny Dogfish in the water column (Stehlik 2007) and whether the addition of these estimates could augment bottom trawl swept-area estimates when conducted simultaneously (Aglen et al. 1999) .
